Measurements of the local tetragonality in Fe-C martensite at microstructural length-scale through pattern matching of electron backscatter diffraction patterns (EBSPs) and careful calibration of detector geometry are presented. It is found that the local tetragonality varies within the complex microstructure by several per cent at largest and that the scatter in the axial ratio is increased at higher nominal carbon content. At some analysis points the local crystal structure can be regarded as lower symmetry than simple body centred tetragonal. A linear relation between the nominal carbon content and averaged local tetragonality measured by EBSD is also obtained, although the averaged axial ratio is slightly below that obtained from more classical X-ray diffraction measurements. 2 Keywords: Electron backscatter diffraction HR-EBSD Pattern matching Calibration Tetragonality Martensitic steel
Introduction
An increasing demand for the development of higher strength steel drives us to gain fundamental knowledge on the microstructure and mechanical properties of Fe-C martensitic steels. The crystal structure of Fe-C quenched martensite analysed by X-ray diffraction (XRD) is either body centred cubic (BCC) or body centred tetragonal (BCT) and the tetragonality, c/a, has been found to be linearly dependent on the carbon content ([C] in wt.%) as follows [1] [2] [3] [4] [5] [6] :
c/a = 1 + 0.045 [C] (1)
However, despite intensive studies for nearly 90 years since the first discovery of the tetragonality in Fe-C martensite [7, 8] , there is still ongoing debate on several issues regarding the minimum carbon content that gives rise to tetragonality [9] [10] [11] [12] [13] [14] [15] [16] , factors affecting abnormally high/low tetragonality seen in some Fe-C alloys [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] , and spatial variation in tetragonality [23, [27] [28] [29] [30] . For instance, Sherby et al mentioned that the tetragonality starts to appear when [C] exceeds 0.6 wt.%, which was ascribed to the solubility of carbon in hexagonal martensite [10, 11] . The hexagonal martensite was assumed to be formed as an intermediate phase during face centred cubic (FCC) to BCT transformation, although the presence of the intermediate phase has not been confirmed by experiment. Hutchinson et al also reported that the tetragonality is not observed for 0.1~0.5 wt.% C quenched martensite [12] . Xiao et al reported an abrupt change in the tetragonality at ~0.55 wt.% C while the transition BCC↔BCT crystal structure itself occurs at 0.18 wt.% C [13] .
The difficulty in analysing the tetragonality of low carbon martensite stems from carbon redistribution during cooling (i.e. auto-tempering) leading to a peak overlap in the XRD profile for α-Fe. To suppress auto-tempering, Cadeville et al used a splat cooling [9] and the c/a expected from Eq. (1) was obtained even in Fe-0.2 wt.% C martensite. Recently Lu et al applied the Rietvelt refinement analysis [15] in order to deconvolute the α-Fe {200} XRD peaks concluding that the slope in the Eq. (1) is rather smaller (0.031 instead of 0.045) and the c/a > 1 was obtained even in 0.12 wt.% C martensite, although the detail in the Rietvelt refinement was not mentioned in the literature [15] . Therefore, the experimentally determined minimum carbon content that gives rise to the tetragonality appears to be dependent on the cooling rate from austenitising temperature and the sophistication of the XRD line profile analysis method employed.
In the XRD profile, the evidence of tetragonality can be seen in the {200} diffraction peak which starts to split into two visible peaks ((200)/(020) and (002)) when the carbon content is beyond the threshold. Some authors reported the presence of the third peak between (200)/(020) and (002) two main peaks [23, 27] , suggesting that the third peak is derived from lower tetragonal or 'local' orthorhombic martensite in the bulk BCT martensite [23, 27] . It is also reported that the area of the third peak is increased during room temperature (RT) aging [27] . Chen et al [23] speculated that the local perturbation in the tetragonality might be derived from the large residual stresses present at plate intersections as the third peak is very evident when the martensite is formed from polycrystalline austenite while it is not clearly seen when the martensite is formed from single crystalline austenite. Zener [14] , and Chirkov et al [31] also mention that such local residual stresses can alter carbon occupation (i.e. carbon content in one of the sublattices of the octahedral interstitial site, namely Zener ordering [14] ), which would decrease local tetragonality. Furthermore, recent atom probe tomography (APT) analysis revealed the heterogeneous distribution of carbon concentration even in as-quenched Fe-C martensite due to the relatively high Ms temperature (martensite transformation start temperature) for low carbon martensite [12, 32] . Morsdorf et al revealed the extent of auto-tempering is different according to the size of laths [32] .
Then it is natural to expect that the tetragonality should be varied within the complex and hierarchical microstructure in Fe-C martensitic steels. However the direct observation of spatial variation in tetragonality by means of laboratory XRD apparatus is not possible due to the lack in the spatial resolution.
Electron backscatter diffraction (EBSD) complements XRD and is capable of analysing crystal structure at a few tens of nanometre scale and has been widely used for characterising the crystallographic features of Fe-C martensite, such as block/packet size [32] [33] [34] [35] [36] [37] , variant selection [38] [39] [40] and prior austenite crystal orientation [41] [42] [43] [44] [45] .
However, the lack in angular resolution of conventional EBSD analysis and poor accuracy in calibrating camera geometry hinder the differentiation of BCT structure from BCC. It is common in this research field to analyse the crystal orientation of martensite through conventional EBSD indexing assuming that the crystal structure is BCC (BCC indexing) [46, 47] . Stormvinter [46] tried to index crystal orientation of Fe-C quenched martensite with several carbon contents by conventional EBSD analysis using Hough transform assuming that the crystal structure is BCT (BCT indexing) with fixed tetragonality. It is found that the BCT indexing success rate of nearly 100% is achieved only when [C] is 1.80 wt.% with expected c/a ~ 1.08 while it is decreased as the carbon content decreases. When the carbon content is 0.75 wt.%, the success rate becomes < 50 % meaning that c-axis cannot be distinguished reliably from a, b-axes [46] . In order to characterise the tetragonality and its spatial variation in Fe-C martensite, therefore, it is necessary to improve angular resolution of EBSD analysis.
High angular resolution EBSD (HR-EBSD) analysis is now possible with angular resolution of 0.006 degree (strain sensitivity ~10 -4 or better) using cross-correlation analysis of EBSD patterns (EBSPs) [48, 49] . However, HR-EBSD measures relative strain compared to the strain at a reference point which must be known for absolute strain analysis. In general, the strain state at the reference point is not known a priori resulting in the so-called reference pattern problem which has limited HR-EBSD to relative strain mapping. Recently, the authors used dynamically simulated EBSPs as a true reference pattern for absolute strain analysis with careful determination of a pattern centre (PC) position [50] , and it was successful in determining absolute strain near an indent in Fe irrespective of the location of reference points with strain measurement accuracy of the order of 10 -4 . This level of accuracy is certainly enough to analyse the tetragonal distortion of martensite of the order of ~10 -2 . However, the calibration method used in [50] is likely to give the best accuracy in PC determination when the experimental pattern is obtained from an unstrained area as deformation gradient tensor is not taken into account for the dynamical simulation.
Here we propose a route to determining PC position through the pattern matching even in the case where strain free area is not available such as in Fe-C martensite. Once the PC position is determined it is possible to simulate EBSD patterns for BCT Fe with changing c/a, thereby allowing for the optimisation of c/a by searching the best fit simulated pattern to experimental counterpart [29, 51] . To verify our EBSD tetragonality analysis results, XRD analysis was also performed. The method was used to determine the local tetragonality in a series of Fe-C martensite samples with nominal carbon content varying from 0.07 wt% to 1.3 wt%.
Methodology

2-1. Materials
The chemical composition of Fe-C alloys prepared in this study is listed in Table 1 . All alloys were vacuum melted, hot rolled and cold rolled down to the thickness of approximately 1 mm. Then all Fe-C alloys except for the interstitial free (IF) steel were austenitised and water-cooled to obtain martensite microstructure. The austenitisation temperature is also listed in Table 1 . Sub-zero treatment using liquid nitrogen was followed to reduce the amount of retained austenite. After that, the martensite specimens were kept at room temperature until XRD and EBSD measurements for 0.5 ~ 2 years.
After the cold rolling process, the IF steel was annealed at 800 °C for 10 minutes for recrystallisation. This material was prepared to obtain standard XRD and EBSD patterns from BCC ferrite.
All specimens were cut and polished with SiC papers followed by colloidal silica (Bheuler, MasterMet) polishing. The microstructure for each material was observed with a Scanning Electron Microscope (SEM, Zeiss Merlin). Fig. 1 shows the microstructure and the observed morphology of martensite is listed in Table 1 . After the SEM observation, the IF steel was annealed at 700 °C for 30 minutes in vacuum to remove potential residual strain introduced by the polishing. Fe-1.29 wt.% C martensitic steels.
2-2. XRD measurements
XRD measurements were performed at RT using a Rigaku SmartLab diffractometer equipped with a Co tube. The voltage applied to the tube was 40 kV. The diffracted intensity was measured in the range 10 to 140 degrees for 2θ with a step size of 0.02 degree 2θ.
The Fe {200} peaks from Fe-C martensitic steels were deconvoluted in the following manner. The background was fitted to a cubic spline and subtracted from the original profiles. A pseudo-Voigt function was used for the peak fitting procedure. Since the incident X-ray was not monochromated, a pair of two peaks derived from Co-Kα 1 and
Co-Kα 2 irradiation forms one apparent peak. The area ratio of the peak excited by Co-Kα 1 to the peak excited by Co-Kα 2 irradiation was set to be 2. Two or more pairs of peaks were necessary to reproduce experimental XRD Fe {200} profiles when [C] was greater than a threshold value.
2-3. EBSD measurement
The EBSPs were collected using an SEM-EBSD system (SEM: JEOL 7100F, EBSD: EDAX DigiView camera). The sample was inclined 70° from the horizontal and the and Point A (a 1 , a 2 , a 3 ) on the (001) plane is projected at Point P, DD × (a 1 /a 3 , a 2 /a 3 , 1), on the screen, where DD denotes a camera length. When the c-axis is elongated by a factor of t, Point A moves to Point A'(a 1 , a 2 , ta 3 ). The resultant projection coordinate of Point P' on the screen is DD/t × (a 1 /a 3 , a 2 /a 3 , t). In this particular case a decrease in camera length or an increase in the tetragonality can make the shift in projected point invariant, meaning that the uncertainty in determining a camera length (usually calibration precision ~ 0.5 % of a screen width [53] ) is directly linked to tetragonality measurement errors. The authors developed a pattern matching approach for the accurate and precise calibration of EBSD system using a global optimisation algorithm [50] . This approach O A P A' P' DD PC requires experimental EBSPs obtained from an unstrained area for the best accuracy in the calibration. Since strain-free area is not known a priori in Fe-C martensite, a thin foil of a strain-free specimen with dimensions of 20 μm × 20 μm × 1 μm (thickness: 1 μm) was mounted onto the martensite specimen ( Fig. 3(a) ). The thin foil was extracted from well-annealed IF steel using a Ga focused ion beam (FIB) micro-sampling apparatus (Hitachi FB2000). The acceleration voltage of Ga ion gun was 40 kV, followed by 10 kV to reduce the thickness of Ga ion beam damaged layer. The extracted thin foil specimen was glued on the martensite surface by depositing Pt or W layer at the edge of the foil ( Fig. 3(a) ). After that, in order to remove Ga-ion beam damaged layer near the foil surface, broad Ar ion beam with acceleration voltage of 1 kV was employed for 5 minutes. 
where PC M , PC F are the PC positions when analysing the martensite and the foil, respectively. η is the pixel size and H, W correspond to the number of pixels along the pattern height and width. Δx and Δy are the beam shift across the sample surface from the analysis point on the foil. τ is the tilt angle between the sample and the screen (τ=90-τ sample +τ detector , where τ sample is the sample tilt, 70 degrees, and τ detector is the detector tilt, 3 degrees in this study). s is the thickness of the foil. It is noted here that electron beam shift should be used to change an analysis point instead of sample stage shift since the stage movement is not always perfect [53] .The electron beam shift should be within a certain range, say a few hundred μm so as to avoid the distortion in the beam shift [54] .
In this way care was taken to assess the PC position for accurate and precise determination of c/a ratio. More than 10 EBSPs for each martensite sample were analysed. A typical EBSP from Fe-C martensite is shown in Fig. 4(b) . The analysis points were separated from each other by more than a few μm. Therefore, all the EBSPs should be obtained from different blocks. Some patterns were non-indexable, very blurred or overlapped (such as that shown Fig. 4(c) ) but these were rejected and not used for the pattern matching analysis.
2-3-2. Pattern matching of EBSD patterns from Fe-C martensite for tetragonality measurement With the fixed camera geometry determined in the previous section, a similar pattern matching was performed between EBSPs from the martensitic steels and dynamically simulated reference patterns for BCT Fe with different c/a ratios. Since the PC position is fixed, the number of variables to be optimised is four (φ 1 , Φ, φ 2 , c/a). An initial guess of the Euler angles is given randomly within the prescribed range between the Euler angles determined by Hough based conventional analysis ± 5°. Since Hough transform based analysis may fail to distinguish the c-axis from the a-and b-axes [46] , the following matrix S axis is multiplied by the rotation matrix, R, in turn in order to consider the possibility of c-axis being along each of the three principal axes.
where the first matrix of S axis is identity matrix, the second matrix swaps a-axis with c-axis and the third matrix swaps b-axis with c-axis while maintaining the right-handed co-ordinate. Then S axis R is used to extract a gnomonic projection image from the master patterns for BCT Fe with different c/a, which were simulated by DynamicS software (Bruker) [55] with lattice parameter of a,b-axes being 0.2866 nm and of c-axis ranging from 0.2826 to 0.3056 nm. The similarity between experimental EBSPs from the martensite and simulated patterns was assessed using a normalised cross correlation coefficient, r. Then, for each c/a ratio simulated, the given Euler angles are refined through the optimisation process using a differential evolution algorithm [50, 56] so that the maximum of r is obtained.
Results and Discussion
3-1. XRD study on the tetragonality of Fe-C quenched and RT aged martensite
The XRD profiles for IF steel and Fe-C quenched-RT aged marntensite with different
[C] are shown in Fig. 5(a) . The sign of tetragonality can be seen in α-Fe XRD peaks (Figs. 5(b)-(e)) when the carbon content is high enough as a form of the peak splitting.
Then the detailed structure of α-Fe {200} diffraction profile is analysed as the peak from γ-Fe is not overlapped. In order to determine the minimum carbon content that gives rise to tetragonaltiy (c/a >1), {200} diffraction peak asymmetry factor, A f , was assessed as follows: where m, n represents the width of the peak at 10% peak height, measured to the left, and right respectively of the peak maximum position (as shown in the inset in Fig. 6 ). Fig. 6 shows the asymmetry factor for α-Fe {200} profile as a function of carbon content. At [C] = 0.07 wt.%, the peak profile shows a tailing nature with A f < 1. This is because the XRD peak excited by Co-Kα 2 is overlapped to the right (higher scattering angle side) of the peak excited by Co-Kα 1 . When [C] = 0.24 wt.%, the profile becomes symmetric because of the broadening of the peak width. From [C] = 0.44 wt.%, the peak showed a fronting nature (A f > 1) indicating that the tetragonal martensite starts to appear. This feature is identical to the α-Fe {211} profile too. It is concluded, therefore, that the minimum carbon content that gives rise to the tetragonality is between 0.24 -0.44 [C] for the materials prepared in this study. Fig. 7 shows the detailed profile of α-Fe {200} in addition to the deconvoluted peaks.
The fitted peak positions are listed in Table 2 . Since the incident X-ray was not monochromated, a pair of two peaks derived from Kα 1 and Kα 2 irradiation forms one apparent peak. As is noted before, one apparent peak (Peak I) is enough to describe the profile from Fe-0.07, 0.24 wt.% C martensite (Figs. 5(b) and 6) as the crystal structure is BCC. When [C] is beyond 0.24 wt.%, one more peak from (002) diffracting plane (Peak II) needs to be introduced. The full width at half maximum (FWHM) for each peak is set to be identical on the assumption that the extent of residual strain acting on a, b, c-axes is almost the same amount. Then, as indicated by ref. [23, 27] , additional peak(s) in between Peaks I&II is necessary to fully account for the experimental XRD the additional peaks can be determined in a variety of ways as the number of peaks in between Peaks I&II is uncertain. Therefore, the residual obtained by subtracting the area for Peaks I&II from original peak area is calculated as a metric to describe the deviation from 'pure' BCT with single tetragonality.
The peak area ratio of Peak II to Peak I, A II /A I , is not 0.5 which is expected from the multiplicity ratio (Table 2 ). Keating and Goland [57] , Moss [58] demonstrated that the displacement of Fe atoms from their mean lattice sites caused by interstitial carbon leads to a decrease in the XRD peak intensity of (002). Furthermore, the presence of the residual (i.e. Peak III) also contributes to a decrease in A II /A I . It was proposed that the unchanged while a decrease in A II and an increase in A III were observed during RT aging [27] . Therefore 'averaged' c/a ratio is expected to be dependent on the aging time in addition to the cooling rate. (Fig. 10(a) ). The optimised value of r≈0.73 at c/a = 1 shows a similar degree of fit in each case. A similar situation was found for the other EBSP obtained from the IF steel.
In the case of 0.77 wt.% C steel, the value of r is decreased from the one in Fig. 10(a) , which is ascribed to the blurring of the experimental EBSPs from the martensite. Only one of the three profiles shows the minimum of -r at imposed c/a = 1.021, meaning that the c-axis (axis 1 in Fig. 10(b) ) and the local c/a can be determined simultaneously from a single EBSP. It is noted that the other two profiles (axes 2 and 3) show the minimum of -r at a similar higher level and the same imposed c/a which notably is less than 1.
A second example for an EBSP obtained from the same 0.77 wt.% C steel but from different analysis point is shown in Fig. 10(c) . The calculated c/a is different from the first example (Fig 10(b) ) by ~1% indicating that the c/a ratio varies from analysis point to point. Again, for c-axis aligned along axis 1 gives the best optimisation with a c/a ratio above unity, while the other two cases have minima at c/a less than 1 but are less well optimised. For this second example all three profiles are distinct and there is less difference in the minimum values of -r between the three cases, which notably is not as Ref. [2] Ref. [13] Ref. [15] a b well optimised than the example in Fig. 10(b) and corresponds to a lower c/a ratio. This suggests that the local crystal structure in this second case might not be best represented by 'pure' BCT as the length of all principal axes being different each other. The crystal structure can be regarded as orthorhombic or less symmetric structure. The distorted nature of the crystal structure of Fe-C quenched martensite will be further investigated by HR-EBSD strain analysis in a subsequent publication. In Fig. 10(c) , the tetragonality with the minimum of -r among the three profiles is used to assess the local tetragonality. 
Again it is noted that the above relation is obtained for RT aged martensite. The slope of 0.030 is nearly equal to the one obtained by the Rietvelt refinement analysis of XRD profile (0.031) [15] . This is probably because the Rietvelt refinement analysis optimises tetragonality so as to reproduce the whole profile of XRD pattern rather than just analysing peak positions.
The scatter in individual c/a shown in Fig. 11(b) is found to be significant. The deviation from its mean value is dependent on the carbon content. This corresponds well
to Fig. 8 which shows that for the XRD profiles the area of intermediate region between
Peaks I and II is increased with respect to carbon content. For 1.29 wt.% C martensite, the local c/a ratio ranges from 1.02 to 1.07. It is noted that the c/a deviation is observed between different blocks. The spatial variation in the tetragonality within one block will be shown in a subsequent paper, incorporating cross-correlation based HR-EBSD analysis. One might suspect that the Ar ion sputtering during the sample preparation influences the measured c/a and its scatter by the ion beam bombardment-induced displacement of interstitial carbon atoms. Fig. 12 Ref. [15] as strain-free calibrant was not mounted on the specimen. The PC position determined for the previous setting by the pattern matching was just used. A two sample t-test was performed on the two tetragonality data sets and the mean value of the tetragonality for both cases are found to be the same to the 5 % significance level. Therefore the Ar ion sputtering condition used in this study does not significantly influence the local tetragonality measurement result.
Then there are two possible explanations for the c/a scatter, namely heterogeneous residual strain and carbon distribution. The carbon distribution heterogeneity can be caused by auto-tempering [12, 32] and possibly by heterogeneous residual strain itself [14, 31] . The scatter in the local residual strain would be more significant in high carbon martensite as it is known that Fe-C martensite becomes harder with respect to the carbon content [1] thereby allowing for taking up more elastic strain inside the material.
However, the residual strain is not likely to be the sole reason for the c/a scatter because the scatter in c/a of ~ 5 % is too big to be supported. The heterogeneous carbon distribution and the consequent variation in the natural stress free lattice parameter should play some role in the c/a scatter. In this study the lattice parameter for each axis is obtained by the XRD analysis while only axial ratio is characterised by the EBSD measurement. The change in the lattice parameter can be seen in EBSPs as a change in the Kikuchi band width. However the Kikuchi band edge from Fe-C quenched martensite becomes blurred because of the perturbation in the diffracting planes in an EBSD analysis volume [59] . This blurring is itself evidence of very fine-scale variations in the lattice driven by either local chemistry or mechanical stress. However, the blurred EBSP did prohibit the accurate determination of each lattice parameter by EBSD analysis which was not pursued in this study. Nevertheless, the proposed analysis approach with careful determination of PC position using a strain-free calibrant allows for the quantitative measurement of local c/a ratio. The tetragonality measurement is increasingly getting attention for carbon super-saturated bainite and pearlite [60] [61] [62] . The local tetragonality analysis with EBSD will shed light on the behaviour of interstitial atoms at microstructure scale during phase transformation, heat treatment and mechanical loading that need to be highly controlled for the development of advanced high strength steel.
Conclusion
In this study we explored a route to determining the local tetragonality of Fe-C quenched and RT aged martensite through the EBSD pattern matching approach incorporating careful calibration of the EBSD system. Central to the methodology is the use of a small strain-free calibrant excised by FIB from a well-annealed IF steel sample and mounted onto the surface of the strained material. This enables accurate calibration of the EBSD detector through pattern matching of EBSPs. XRD measurements were also performed to validate the EBSD analysis results. The following four findings are in good agreement between tetragonality measured by EBSD and XRD:
(1) Both XRD and EBSD tetragonality analysis show that the tetragonality starts to appear in quenched and RT aged Fe-C martensite prepared in this study as the carbon content is increased to 0.44 wt.% and beyond.
(2) Above 0.44 wt% carbon, the Tetragonality determined by the XRD α-Fe {200} Peak I&II positions is linearly dependent on the carbon content while 'averaged' tetragonality determined by EBSD analysis is also increased linearly with respect to nominal carbon content.
(3) 'Averaged' tetragonality suggested by the XRD measurement was smaller than the tetragonality determined by the XRD α-Fe {200} Peak I&II positions, which is captured by the pattern matching EBSD analysis. Additional intensity between the two peaks in the XRD profile but not accounted for in the fitting could explain this difference and suggest that the martensite is not uniformly tetragonal.
(4) The standard deviation of measured tetragonality from EBSD pattern matching increased with respect to nominal carbon content. This also corresponds to the fact that the area of peak fitting residuals is increased as the nominal carbon content increases.
